Aims: To determine sperm nuclear DNA integrity and to investigate the relation between fenvalerate (FE) exposure and spermatozoa DNA damage. Methods: Sperm DNA fragmentation was detected by a modified alkaline single cell gel electrophoresis (Comet) assay and a terminal deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL) assay. The olive tail moment (OTM) and percentage tail DNA were measured by the Comet assay, and cell positive percentage was measured by the TUNEL assay for DNA damage evaluation. Results: The DNA integrity of spermatozoa of external and internal control groups were both significantly greater than that of the FE exposed group. The median value of tail DNA percentage in the exposure group was 11.30, which was significantly higher than 5.60 in the internal control group and 5.10 in the external control group. The median value of OTM was 3.80 in the exposure group, significantly higher than 1.50 in the internal control group and 2.00 in the external control group. Mean cell positive was 31.2% in the exposure group, significantly higher than 17.4% in the internal control and 19.6% in the external control groups. Cell positive (%) was significantly correlated with tail DNA percentage and with OTM of whole subjects (n = 63). Conclusions: Results showed that occupational FE exposure is associated with an increase in sperm DNA damage. A combination of the Comet and TUNEL assays would offer more comprehensive information for a better understanding of sperm DNA damage, and the biological significance of sperm DNA damage in sperm function and male infertility.
T
here is a significant public health concern about the potential effects of occupational exposure to toxic substances on reproduction. Many toxicants with reported or suspected reproductive and developmental effects are still in regular commercial use and present potential exposure to workers. Several studies have shown that in some parts of the world, average sperm counts have dropped by 50% since the 1940s. 1 2 Occupational exposure and environmental exposure to hazardous substances have been conjectured as one of the aetiologies of sperm number decline. 3 Pesticides have been used in developing nations to eradicate insect borne endemic diseases for food production and forested plantations protection. Pesticide application has increased in recent years, resulting in more pesticide production. 4 5 Nevertheless, several currently used pesticides, especially those having endocrine disruptive properties, are known to adversely impair reproductive competence of males working in laboratories, fields, clinics, or factories. 6 7 Pesticide factory workers have a higher exposure risk and are more prone to the damage made by pesticides. There have been few investigations of potential genotoxic effects in pesticide industry workers. In China, pesticide production is a yearround activity, and pesticide industry workers log in 40 hours a week. These workers have constant exposure to a variety of pesticides such as pyrethroids (fenvalerate), organophosphorus compounds (phoxim), and carbamates (carbaryl). However, there have been few reports of genetic damage in occupational populations exposed to pesticides in China.
Fenvalerate (FE, 4-chloro-a-(1-methylethyl)benzeneacetic acid cyano(3-phenoxyphenyl)methyl ester) is a synthetic pyrethroid insecticide which is widely used for fruit and vegetable protection due to its strong neurotoxic activity for insects but low toxicities for mammals, birds, and plants.
Evidence from general population exposure studies and in vitro studies suggests that FE is hormonally active. 8 Reports from animal studies have shown that FE and testicular toxicity are associated. It is known that FE induces a significant reduction in testes weight, epididymal sperm count, sperm motility, and marker testicular enzymes for testosterone biosynthesis. 9 This conclusion generated both public health and scientific concern about potential reproductive effects of FE.
A lack of consensus on which semen quality tests are the best predictors of human male fecundity has led to the development of several new methods to evaluate semen quality. The traditional semen analysis focused on measurements for sperm concentration, motility, and morphology. 10 Although these analyses may describe some aspects of the function of the testis and sperm, they do not address the integrity of the male genome contained in the sperm head. Alkaline single cell gel electrophoresis (SCGE) assay or Comet assay and terminal deoxynucleotidyl transferase mediated dUTP-biotin end labelling (TUNEL) assay have also been used to evaluate sperm DNA damage. [11] [12] [13] Comet assay is a visual fluorescent technique for measurement of DNA strand breaks in individual cells. The Comet assay was chosen as it gave detailed information on the quantitation of individual sperm DNA integrity. This method depends on unwinding of nuclear DNA under alkaline conditions, following electrophoresis that draws out the broken strands of DNA. These strands form a tail in one side of the sperm head (nucleus) that has been characterised as a ''Comet'' image. The DNA can be quantified using image analysis software.
The TUNEL assay was originally designed for measuring DNA fragmentation during apoptosis.
14 Fragmentation of genomic DNA is an initial hallmark of apoptosis. Apoptosis can be detected in somatic cells by electrophoresis of DNA fragments; it has been characterised as a ''ladder'' pattern due to endonuclease cuts in the linker section of the helix. However, this analysis is not possible for spermatozoa due to the presence of protamines in sperm. By using the FCM TUNEL assay, DAN fragments can be detected in damaged sperm. Recently the TUNEL technique has been widely used for detection of DNA strand breaks in human sperm. 13 15-18 The aim of this study is to conduct risk assessments of pesticide manufacturing factories using both Comet and TUNEL assays to determine nuclear DNA integrity and the DNA fragmentation level of spermatozoa in FE exposed workers, and to determine the correlation between these two methods.
Study population
The Changzhou pesticides factory is located in a suburb of Changzhou city in southeast China and has been in operation since the 1970s. The factory is divided into two areas: production area and office area. The production area has four major production plants including those for fenvalerate (FE), carbaryl, buprofezin, and imidacloprid. The factory employs about 400 workers (265 men and 135 women). The FE production plant has 86 workers (56 men and 30 women). FE production workers were the exposed subjects in our study. Men from the office area of the same factory were used as internal controls. Volunteers recruited from different departments at the local board of health, which is located in the urban district of Changzhou city were used as an external reference for comparison.
Based on the production process and environmental monitoring data, these workers were exposed to low levels of FE. We used a CD-1 air sampler (Beijing Detection Instrument Factory, Beijing, China) to detect the air concentration of FE at different areas of three groups for three days continuously. At the end of each work shift, we conducted an exposure assessment on three randomly selected subjects per day for three days. This assessment consisted of two components: individual sampling using active personal samplers (Xinyu Analysis Instrument Factory, Jiangsu, China); and measurement of dermal contamination by attaching fibrous filter membranes to 10 body areas. Our monitoring indicated that the mean concentration of FE was 21.55610 24 mg/m 3 at operation sites. The mean concentration of FE was 1.19610 24 mg/m 3 at the internal control area and was not detected at the external control area. The concentration of FE in the workplace was significantly higher than concentrations in control areas (p , 0.001). Simultaneously, the concentrations of FE with individual sampling (mean concentration 0.11 mg/m 3 ) and dermal contamination (mean concentration 1.59 mg/m 2 ) detected in the FE exposure area were significantly higher than those in control areas (p , 0.01).
Subjects and selection
All participants in this study were volunteers. All subjects were asked to complete a face-to-face questionnaire which included standard demographic data (age, gender, etc) as well as medical history (x ray exposure, vaccinations, medications, etc), lifestyle (smoking status, coffee and alcohol intake, diet, etc), and occupational conditions (daily working hours, years of exposure, use of protection, etc). All subjects were male aged 22-45 years.
All of the 56 FE exposed men were considered for study, but 22 proved ineligible because they had worked less than a year in total or less than six months continuously before study. A further six were excluded, based on questionnaire responses, because of their past medical history (liver or renal disease, long term psychotropic drug therapy, significant x ray exposure, or recent exposure to other neurotoxic drugs). Among the remaining 28 men, 21 took part in the study. Controls were selected from the same district and were matched on socioeconomic class. Two control groups were used. An internal group was recruited from clerical or office workers of the same company who worked at least a mile away from the pesticide plant and had never been exposed to pesticides at work. Altogether, 38 subjects were invited, but five were excluded on medical history (using the same criteria as for exposed workers), and 23 of the remaining 33 subjects agreed to participate. In addition an external control group was recruited from men working for the local board of health. We approached 33 subjects, of whom 23 completed a preliminary questionnaire. Four were excluded from investigation, based on medical history, so 19 subjects participated. Table 1 summarises the demographic characteristics of the three study groups.
The study was approved by the local ethics committee. Informed consent for participation was obtained from each individual, and an IRB (Institutional Review Board) approval was given prior to the beginning of this study.
Semen sample collection and analysis All semen samples from subjects were obtained by masturbation into sterile containers after abstinence from sexual activity for 3-5 days. After liquefaction at 37˚C for 30 minutes, a routine semen analysis 10 and sperm motility test were carried out by light microscopy and computer assisted sperm analysis (CASA) to provide details of sperm concentration and motility within 30 minutes. Sperm number was determined using a micro-cell slide. Sperm motility parameters were determined for sperm tracts: curvilinear velocity (VCL, mm/s; a measure of the total distance travelled by a given spermatozoon divided by the time elapsed); average path velocity (VAP, mm/s; the average velocity of sperm movement; spermatozoa were counted as exhibiting rapid progressive motility if VAP .25 mm/s); straight line velocity (VSL, mm/s; the straight line distance from beginning to end of a sperm track divided by the time taken); beat cross frequency (BCF, Hz; the frequency of the sperm head crossing the sperm average path); amplitude of lateral head displacement (ALH); straightness (STR, %); and linearity (LIN, %).
Strict quality control measures were enforced throughout the whole study. Each sample was assessed twice in parallel. For instance, sperm concentration was detected twice and the difference (D) between two results was calculated according to a formula (D (%) = (Max-Min)/Min6100%). If D (15%, use the mean value of two results to express the final value; if D .15%, test the sample three times and use the median value of three results as the final value. Semen samples with known sperm parameters were used on a regular basis for quality assessment.
After freezing in 1 ml cryogenic straws by immersing the straws directly into liquid nitrogen (2196˚C) for 24 hours, the remaining raw semen was stored in a refrigerator at 270˚C until the Comet and TUNEL assays were performed.
Comet assay
The modified Comet assay for sperm was carried out using the method described by Hughes (1998) and Donnelly (1999) , which was based on that initially reported by Singh (1996) . [19] [20] [21] All steps were carried out under yellow light to prevent further DNA damage. The straws were thawed by gently shaking in a 37˚C water bath for 10 seconds, and the semen was immediately processed for assay. After thawing, sperm were washed with Ca 2+ and Mg 2+ free phosphate buffered saline (PBS) twice (1500 g65 min, 4˚C), and resuspended in PBS at 2610 6 cells/ml. Agarose solutions of normal and low gel points were prepared at 0.75% concentrations for slide preparations. Slides were covered with 80 ml normal melting agarose (NMA), and coverslips were applied on the gel at 4˚C for 10 minutes to allow solidification. The coverslips were then removed. A total of 1610 5 cells in 10 ml PBS were mixed with 65 ml low melting point agarose (LMA) and allowed to solidify to form a second layer at 4˚C for 10 minutes. After removal of the coverslips, a third layer containing 75 ml LMA was added and allowed to solidify. The coverslips were removed and the slides were placed in coupling jars containing freshly prepared cold lysis buffer (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris, 10% DMSO, and 1% Triton X-100, pH 10), and the slides were incubated at 4˚C for at least one hour. Slides were then incubated with 10 mmol/l dithiothreitol (DTT; Sigma) for one hour at 4˚C, and transferred to 37˚C for another one hour incubation with 200 mg/ml proteinase K (Sigma) in order to decondense DNA and eliminate the effect of protamines.
The slides were then removed and placed on a horizontal gel electrophoresis unit side by side. The unit was filled with freshly prepared alkaline buffer (300 mmol/l sodium acetate and 100 mmol/l Tris, pH 10) up to 0.25 cm above the slides. The cells were exposed to alkaline conditions for 20 minutes to allow the DNA to unwind and to express single strand breaks and alkali labile sites. Electrophoresis was then conducted for one hour by applying an electric current of 0.46 V/cm (12V/100 mA) at 12-15˚C, to allow damaged DNA to migrate from the nucleus towards the anode. Slides were then drained, placed on a tray, and washed slowly with three changes of neutralisation buffer (0.4 M Tris-HCl, pH 7.5) for five minutes. DNA was then precipitated and slides were dehydrated in absolute methanol for 10 minutes and left to dry at room temperature.
Slides were stained with 50 ml ethidium bromide (EB, 15 mg/ml) prior to scoring. Fluorescent Comet patterns were then examined with an Olympus fluorescence microscope equipped with an excitation filter of 515-560 nm and a barrier filter of 590 nm under 4006. Slides were arranged and coded randomly to blind the scorer. The person who analysed the slides was blinded to exposure status. All slides were snapped and analysed by one person, to avoid interscorer variability.
Image analysis
Percentage DNA in tail and olive tail moment (OTM) on 100 sperms in each semen sample (two duplicate sample slides, 100 randomly selected cells scored per slide, up to 200 sperms in total) were measured using CASP image analysis software. 22 Percentage DNA in the tail is a measurement of the proportion of the total DNA present in the tail. The OTM, expressed in arbitrary units, has been calculated by multiplying the percentage of DNA (fluorescence) in the tail by the length of the tail in mm and to measure sperm DNA damage degree. 23 The tail length was measured between the edge of the Comet head and the end of the Comet tail. The OTM is an integrated value that takes into account both the distance and intensity of Comet fragments.
TUNEL assay
An FITC labelled dUTP system (an in situ cell death detection kit from Roche) was applied to measure sperm DNA fragmentation. Samples were washed and sperm suspensions prepared as for Comet assay. Sperm cells (about 3610 6 spermatozoa) were fixed in 2% paraformaldehyde (30 minutes, RT). If the number of available spermatozoa was below 3 million, the sample was concentrated through centrifuging. Fixed cells were washed with PBS once, and resuspended in 100 ml permeabilisation solution (0.1% Triton X-100, 0.1% sodium citrate) for 10 minutes on ice. The samples were then washed with PBS once and cells were resuspended in 50 ml TdT reaction solution containing nucleotides and TdT enzyme. One tube of control sample was kept as a negative control without enzyme addition. The samples were incubated in a humidified chamber for 60 minutes at 37˚C in the dark. At the end of incubation, sample were centrifuged and cells were resuspended in PBS for flow cytomety (FCM) analysis after the reaction solution was discarded. The samples were analysed using FCM with an air cooled argon 488 nm laser and a 550 nm dichroic mirror as detectors. At least 10 000 cells were collected in each group. The obtained data were finally analysed using cell quest software (version 3.2.1, Becton Dickinson Imunocytometry systems) for calculating the percentage of FITC labelled dUTP positive cells.
Using DNase I as the positive control, we found that treatment of DNase I with sperm cells resulted in a significant increase of spermatozoa labelled with FITC. A normal sample was detected as a negative control.
Statistical analysis SPSS for Windows (version 10.0) was used for data analysis, to perform descriptive analysis for subject characteristics, and to examine distribution of the variables. Since the OTM and percentage DNA in the tail did not follow a Gaussian distribution, data in Comet assay were presented as median values. Differences of OTM and percentage DNA in the tail between groups were determined using the Mann-Whitney U test. Differences of semen parameters, CASA values, and cell positive (%) between groups were determined using the LSD test of ANOVA. A p value of (0.05 was considered statistically significant in every test. Relations between OTM and cell positive, and between percentage DNA in tail and cell positive of all subjects were determined using Table 1 shows that mean ages and mean working years of the subjects in the internal and external control groups were similar to those in the FE exposed group. There was no significant difference in smoking status among these three groups. In the exposure group, two of 21 (9.50%) were oligozoospermic (,20610 6 /ml), and four of 21 (19.03%) had low motility by WHO standards (,50%). Two of 23 (8.75%) and two of 19 (10.52%) had abnormal values for sperm concentration (,20610 6 /ml) in internal and external controls. Seven of 23 (30.37%) and seven of 19 (36.82%) in the internal and external control groups fell below the WHO threshold of 50% motility. The differences in sperm concentration and motility in the three groups were not statistically significant. Table 2 shows that STR was 75.42 in the FE exposed group, which was significantly lower than 80.21 in the external controls. However, no significant difference in STR between the FE exposed group and the internal control group was observed. There were no significant differences in BCF, ALH, LIN, VAP, VCL, and VSL between the FE exposed group and the two control groups. No significant difference was observed in semen concentration or sperm motility between the exposure group and the two control groups.
RESULTS

Semen analysis
Comet assay
Results showed that DNA strand breakage was detected in 21 FE exposed workers using a Comet assay (table 3 and fig 1) . These results also showed that the median value of percentage DNA in the tail was 11.30 in the exposure group, which was significantly higher than the internal control group (5.60) and external control group (5.10). The median value of OTM was 3.80 in the exposure group, significantly higher than the internal control group (1.50) and external control group (2.00).
TUNEL assay DNA fragmentation was analysed among 21 FE exposed workers using a TUNEL assay. Results showed the mean cell positive was 31.18% in the exposure group, which was significantly higher than 17.39% in the internal control and 19.58% in the external control groups (table 3) . Less than 4% of cells in the negative control samples showed signals. More than 96% of cells in the positive control samples showed signals. Figure 2 shows a typical example of cells stained with FITC labelled dUTP.
Relation between Comet and TUNEL assays
There was a significantly positive correlation between the degree of DNA damage determined using the Comet assay and the percentage of DNA fragmentation determined using the TUNEL assay. Cell positive (%) was correlated with tail DNA percentage (tau = 0.56, p , 0.01, fig 3) and with OTM (tau = 0.56, p , 0.01, fig 4) of all the subjects (n = 63). These associations did not diminish even after adjusting for potential confounders such as smoking with linear regression. Nevertheless, no association was found between these values of damaged sperm DNA and various semen parameters or CASA profiles.
DISCUSSION
Results indicated that occupational exposure to FE induced a significant increase in sperm DNA damage. To our knowledge, this is the first in vivo observation using the Comet assay and TUNEL assay for genotoxic potential for workers handling FE. Specifically, there was a significant positive association between FE exposure and percentage DNA in the tail, OTM, and positive sperm damage.
Pesticide exposure has been associated with considerable changes in sperm parameters, suggesting that the testicle is one of the most vulnerable organs to environmental physical and chemical agents. 24 Swan and colleagues reported that sperm concentration was reduced and sperm motility decreased in fertile men in an agrarian area relative to men in an urban area in the USA. 25 In a subsequent study they addressed the hypothesis that pesticides used in agriculture in the Midwest contributed to these differences in semen quality. Agricultural chemicals were found to reduce semen quality in fertile men. 26 Padungtod and colleagues investigated the association between occupational pesticide exposure and semen quality among Chinese workers, and found a significant reduction of sperm concentration and percentage of motility. These results suggested that occupational exposure to pesticides has a moderately severe adverse effect on semen quality. 27 Another recent study suggested that exposure to ICON, one of the pyrethroid insecticides, may disrupt male reproductive function and cause sexual dysfunction in male rats. 28 There are a few reports concerning FE induced male reproductive effects in laboratory animals, including previous works in our laboratory. 29 However, whether FE may induce male reproductive toxicity in FE exposed workers has not been evaluated.
Based on the industrial hygiene monitoring data collected in this study, the average concentration of FE in manufacturing units was in the range 6.76-797.54 6 10 24 mg/m 3 . Exposed workers mainly take in FE through dermal absorption and inhalation. The genetic damage observed in this study might be due to insufficient protection applied to the workers.
The data presented here provide evidences of an important relation between occupational FE exposure and sperm DNA fragmentation. Exposure to known genotoxic compounds could induce DNA damage directly and through other mechanisms, such as oxidative stress or inflammatory processes. 30 At present, two hypotheses have been proposed to explain the possible origin of sperm DNA damage: incomplete maturation during spermiogenesis and apoptosis. 31 DNA damage may result in cell death or induction of mutations. In sperm, DNA damage may carry mutations into the next generation or result in male infertility. DNA integrity may become more important in evaluating sperm health for male infertility. However, some dormant DNA damage cannot be detected by the present techniques. The DNA damage may only be reflected through congenital abnormalities in offspring.
DNA damage due to apoptosis has been found to occur in the testis during spermatogenesis, predominately at the spermatogonia and dividing cells level. [31] [32] [33] [34] The increased sensitivity to DNA damage in abnormal spermatozoa is probably due to failed chromatin condensation, which makes the DNA more accessible to damage. 31 35 Therefore, the presence of DNA fragmentation in ejaculated spermatozoa might correlate with defects in spermatogenesis, as has been suggested by Gandini and colleagues. 36 The presence of DNA fragmentation is also increased in spermatozoa of poor quality as measured using the TUNEL or Comet assay. 13 37 38 Biomarkers of the genetic integrity of sperm are designed to identify risks for paternally mediated developmental effects. The prevalence of DNA strand breaks or DNA fragmentation in human sperm closely correlated with sperm functions such as sperm motility, sperm-oocyte fusion ability, in vitro fertilisation or intracytoplasmic sperm injection fertilisation rate, and routine seminal parameters such as sperm morphology and concentration. 13 17 18 39 However, our results did not show any significant relation between the results from the Comet or TUNEL assays and traditional semen parameters or CASA profiles. Therefore, it appeared that sperm DNA damage, which may be indicative of the early stages of damage, was detectable using the Comet or TUNEL assay when there were no other indications such as significant changes in sperm motility and concentration.
Technically, both the Comet and TUNEL assays are used to measure DNA strand breaks. Aravindan and colleagues applied these two tests in a group of infertile patients and found that results from these two assays were highly correlated. 15 Moreover, it is also noted that results from the Comet and TUNEL assays were also strongly correlated with other techniques used for measuring DNA damage, such as the sperm chromatin structure assay (SCSA) and in situ nick translation assay. Recently, a number of studies have discussed the methodology of the Comet assay in human spermatozoa; it is generally believed that the Comet assay is a simple, inexpensive, reliable, and reproducible technique for assessing DNA damage in sperm. 21 23 37 40 41 At the same time, Host and colleagues discovered that infertile patients had higher levels of DNA strand breaks than fertile subjects using the TUNEL assay, confirming the diagnostic value of this technique in evaluation of sperm function and male fertility. 33 The TUNEL assay based on FCM allows measurement of DNA damage at the single cell level, as well as automatic analysis of thousands of cells in a few seconds. Compared with the Comet assay, the TUNEL assay is more expensive. However, the Comet assay failed to detect significant differences in baseline levels of DNA strand breaks between normozoospermic fertile, normozoospermic infertile, and asthenozoospermic infertile subjects. 19 41 Due to inherent technical limitations in these tests, it is believed that a combination of Comet and TUNEL assays will offer more complete information for a better understanding of DNA damage and its biological significance in male infertility. Further research is needed to make these tests more practical and more effective, and to determine their ultimate utility for hazard identification and elucidation of modes and mechanisms of toxicant action.
Biomonitoring studies of populations exposed to pesticides are rather specific because different populations have different lifestyles, nutritional habits, and climatic and environmental conditions, and are exposed to different pesticides. It is why some studies have found an increase in genetic damage in populations exposed to pesticides while other studies showed negative results. Since sperm DNA damage is an important step from spermatogenesis to malfunction such as infertility, our study represents an important evaluation for the potential health risks associated with agrochemical exposure.
In summary, sperm DNA strand breaks were observed in FE exposed workers using both the Comet and TUNEL assays. It was suggested that occupational exposure to FE induced sperm DNA damage. Since damage levels were based on a single semen sample from limited subjects (n = 63), our conclusion needs to be clarified with further larger scale studies. Our research is the first epidemiological study to explore the association between FE exposure and sperm DNA integrity at occupational population levels. In addition, results of the TUNEL assay were significantly correlated with those of the Comet assay. This study showed that combination of the Comet assay and TUNEL assay is a potentially useful tool for detection of DNA damage in human sperm for epidemiological studies. 
